Objective: Oligomeric forms of amyloid β protein (oAβ) are believed to be principally responsible for neurotoxicity in Alzheimer disease (AD), but it is not known whether anti-Aβ antibodies are capable of lowering oAβ levels in humans. Methods: We developed an ultrasensitive immunoassay and used it to measure oAβ in cerebrospinal fluid (CSF) from 104 AD subjects participating in the ABBY and BLAZE phase 2 trials of the anti-Aβ antibody crenezumab. Patients received subcutaneous (SC) crenezumab (300mg) or placebo every 2 weeks, or intravenous (IV) crenezumab (15mg/kg) or placebo every 4 weeks for 68 weeks. Ninety-eight of the 104 patients had measurable baseline oAβ levels, and these were compared to levels at week 69 in placebo (n = 28), SC (n = 35), and IV (n = 35) treated patients. Results: Among those receiving crenezumab, 89% of SC and 86% of IV patients had lower levels of oAβ at week 69 versus baseline. The difference in the proportion of patients with decreasing levels was significant for both treatment arms: p = 0.0035 for SC and p = 0.01 for IV crenezumab versus placebo. The median percentage change was −48% in the SC arm and −43% in the IV arm. No systematic change was observed in the placebo group, with a median change of −13% and equivalent portions with negative and positive change. Interpretation: Crenezumab lowered CSF oAβ levels in the large majority of treated patients tested. These results support engagement of the principal pathobiological target in AD and identify CSF oAβ as a novel pharmacodynamic biomarker for use in trials of anti-Aβ agents.
G enetic, neuropathological, biochemical, and biomarker studies indicate that cerebral accumulation of amyloid β protein (Aβ) is an early and necessary event in the pathogenesis of Alzheimer disease (AD). The amyloid plaques that occur in all AD cases are in equilibrium with soluble oligomers of Aβ (oAβ), and these can activate microglia and injure neurons, including by inducing neurofibrillary tangles, the other hallmark lesion of AD. [1] [2] [3] Among >50 active clinical trials, the most advanced efforts toward disease modification involve monthly or bimonthly infusions of anti-Aβ monoclonal antibodies (mAbs). However, whether and to what extent such antibodies engage and alter oAβ levels in humans is unknown. This is because it has proven difficult to establish highly sensitive, oligomer-selective assays capable of measuring the minute amounts of oAβ in human cerebrospinal fluid CSF; (reviewed in Yang et al 4 ) and because of the paucity of longitudinal CSF specimens from patients treated with a relevant antibody.
Crenezumab is a humanized anti-Aβ IgG4 in development for the treatment and prevention of AD. It binds monomeric and aggregated forms of Aβ, with the highest affinity for soluble oligomers, and it can block aggregation of monomers and induce disaggregation of existing Aβ aggregates in vitro. 5, 6 Crenezumab is hypothesized to be neuroprotective by blocking the interaction of Aβ oligomers with neurons and promoting the removal of oligomers via microglial phagocytosis. Crenezumab has been evaluated for safety and efficacy in the ABBY 7 and BLAZE 8 phase 2 trials in patients with mildto-moderate AD. In the ABBY trial, the primary and secondary endpoints (change in Alzheimer's Disease Assessment ScaleCognitive Subscale and Clinical Dementia Rating-Sum of Boxes, respectively) were not met, but prespecified exploratory analyses suggested a potential treatment effect in patients with mild AD treated with high-dose crenezumab. Specifically, there was a reduction in decline on the ADAS-Cog12, and the separation from placebo on this test was greatest in patients with the mildest clinical manifestations of AD. 7 Based on these findings, the safety profile of this agent, 7, 8 and the emerging recognition that anti-Aβ therapy will likely work best through early intervention, 9, 10 crenezumab is currently being evaluated presymptomatically as part of the Alzheimer's Prevention Initiative in autosomal dominant presenilin mutation carriers.
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In living humans, soluble Aβ monomers and oligomers can only be measured in CSF, not directly in the brain. However, changes in Aβ concentrations in CSF reflect changes in brain Aβ. 12, 13 It was recently shown that CSF Aβ monomer concentrations increase under crenezumab treatment. 7, 8 Given the pathogenic importance of oAβ in AD and the demonstrated preference of crenezumab for aggregated forms of Aβ, we asked whether crenezumab could target and alter oAβ levels in the CSF of subjects in the ABBY and BLAZE trials. We found that oAβ levels were significantly decreased in a high proportion of crenezumab-treated patients, whereas no systematic change occurred in the placebo group. This first evidence of successful target engagement of Aβ oligomers in humans by a therapeutic agent suggests that quantifying CSF oAβ could be a useful pharmacodynamic and outcome biomarker in AD trials in general.
Patients and Methods
Trial Design and Demographic Details of Participants Specimens used in this analysis came from a representative subgroup of subjects participating in the ABBY (NCT01343966) and BLAZE (NCT01397578) phase II trials of crenezumab who had participated in longitudinal CSF sampling and had paired samples at baseline (BL) and week 69 available for oAβ measurement. The study design has been described, 7, 8 and the administration regimens and patients contributing to this study are summarized in Figure 1 , with demographic information in Tables 1 and 2 , and a biomarker overview in Table 3 .
The main difference between ABBY and BLAZE was that patients in BLAZE needed to be amyloid positron emission tomography (PET)-positive at screening, whereas ABBY did not require amyloid PET as an inclusion criterion. Patient ages (50-80 years), sex, and Mini-Mental State Examination (MMSE) scores were closely similar to those of the overall ABBY and BLAZE populations. 7, 8 Both ABBY and BLAZE were sequentially enrolled, starting with the subcutaneous (SC) arm and then the intravenous (IV) arm in each trial. AD patients received 300mg crenezumab or placebo by SC injection every 2 weeks or 15mg/kg crenezumab or placebo by IV infusion every 4 weeks. Paired CSF samples taken at BL and week 69 were available from a total of 106 patients from these two highly similar studies. Of 104 patients in whom we measured CSF oAβ concentrations, 6 patients had undetectable oAβ levels at BL (see Fig 1B) 
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Collection, Processing, Storage, and Handling of CSF CSF was collected just prior to the first dose (BL) and again at week 69. Institutional review boards approved the collection protocols, and all donors provided informed consent for use of samples. CSF (10-12ml) was collected and stored as described. 8 Samples (500μl) were thawed on the day of assay; 470μl of CSF was removed to a fresh tube, and 150μl of Standard Diluent (CAT# 02-0485-00; Millipore, Billerica, MA) was added to each.
oAβ Assay Antibodies, Aβ Peptide Standards, and Control CSF Specimens Prior to labeling and use, antibodies were protein G purified. 1C22, used as the capture antibody, is a strongly Aβ aggregate-preferring mouse mAb developed in the Walsh laboratory and described previously. 14,15 3D6, used as the detector antibody, is a mouse mAb specific for the Asp1-containing N-terminus of Aβ 16, 17 and was from the hybridoma PTA5130 (ATCC, Manassas, VA). 1C22 was biotinylated using an SMC Capture Labeling Kit (Millipore), and the biotinylated 1C22 was allowed to bind to Dynabeads Myone Streptavidin C1 microparticles (MPs; Life Technologies, Eugene, OR) to yield 12.5μg of biotinylated 1C22 per milligram of MPs. This suspension was stored at 4 C pending use. 3D6 was labeled with fluorescein using an SMC Detection Labeling Kit (Millipore).
A preparation of synthetic human Aβ1-42 peptide rich in prefibrillar aggregates and referred to as amyloidbeta-derived diffusible ligands (ADDLs) 18 was prepared exactly as described previously. 4 Briefly, Aβ1-42 peptide (ERI Amyloid Laboratory, Oxford, CT) was treated with hexafluoroisopropanol and dried under a stream of nitrogen, and the film was dissolved in 20μl anhydrous dimethylsulfoxide before diluting 1:50 (vol/vol) in Hams F-12 media. The resulting solution was incubated at 4 C for 48 hours and centrifuged at 16,000 × g for 10 minutes. The supernatant was chromatographed on a Superdex 75 10/300 GL gel filtration column eluted with 50mM ammonium bicarbonate, pH 8.5. The void volume peak was collected, and the oAβ concentration was determined using the extinction coefficient ε 275 = 1,361M
Thereafter, these ADDLs were aliquoted (5μl) into lowbinding tubes (Eppendorff, Hauppauge, NY), immediately frozen on dry ice, and stored at −80 C.
Erenna-Based Aβ Oligomer Immunoassay
The Erenna Immunoassay System (Millipore) is based on single-molecule counting technology and typically allows a 20-to 100-fold increase in sensitivity over traditional enzyme-linked immunosorbent assays. 20 To capture oligomers, a suspension of 1C22-MP was diluted to 100μg/ml in Millipore assay buffer (50mM Tris-HCl, pH 7.6, 150mM NaCl, 1% Triton X-100, D-desthiobiotin, 0.1% bovine serum albumin) and then 50μl was added to 150μl of either CSF, standard, or blank, each appropriately diluted in standard diluent, and incubated at 25 C for 2 hours. MPs were isolated with a magnet and washed in Erenna System Buffer (cat # 02-0111-03, Millipore). Fluorescein-labeled 3D6 detector antibody (20μl, 100ng/ml) was then added to each well, and the complex was agitated for 1 hour at 25 C. Unbound 3D6 was removed by washing 4 times with Erenna System Buffer, and MPs were transferred to a new plate. Assay buffer was removed by aspiration, and fluorescein-labeled 3D6 was released by shaking in Elution Buffer B (cat # 02-0297-00, Millipore; 10μl/well) for 10 minutes at 25 C. These eluates were transferred to 384-well plates containing neutralization buffer (cat # 02-0368-00, Millipore; 10μl/well). Samples were drawn into an Erenna instrument and passed through a 100μm-diameter capillary flow cell through which a laser was directed. When fluorophores pass through the interrogation space, they emit light that is measured. The output from the detector is a train of pulses, with each pulse representing 1 photon that was detected. In this way, 3 signal outputs can be obtained: detected events (low-end signal), event photons (low-and medium-end signal), and total photons (high-end signal). We focused on detected events (DEs), generating standard curves from DE values using a 4-parameter curve fit. All samples and standards were analyzed in quadruplicate.
The lower limit of reliable quantification (LLoQ) is defined as the lowest back-interpolated standard that (1) provides a signal 2-fold of background, (2) has a percentage coefficient of variance ≤20%, and (3) has a recovery of 100 AE 20%. ADDL standards we ran on 25 separate plates produced LLoQs ranging from 0.16 to 0.63pg/ml, with a median of 0.31pg/ml.
To avoid variance arising from plate-to-plate differences, BL and week 69 samples from the same patient were always measured in neighboring wells of the same plate. This allowed us to calculate robust estimates of change in oAβ for each pair (ie, week 0 vs week 69). CSF samples from placebo-and crenezumab-treated patients from both BLAZE and ABBY were analyzed simultaneously. In all cases, the operator was blinded to sample identity, and the positioning of samples on each assay plate was determined by a separate investigator.
It should be noted that this Erenna oAβ ultrasensitive assay had been validated by us in detail, including by analyzing sample dilution linearity to reduce or eliminate matrix effects, spiking synthetic and natural (brain-derived) Aβ oligomers into human CSF with good recovery, and documenting very low background signals after Aβ immunodepletion. The assay was also shown to have >26,000-fold selectivity for synthetic oligomers (ADDLs) over monomers. 4, 21 The intraassay variance ranges from 7 to 12% and the interassay variance is~13%.
Measurement of Aβ(1-42) Monomers in CSF of ABBY and BLAZE Participants
Total (free and bound) CSF Aβ(1-42) monomers were measured using the Elecsys β-Amyloid(1-42) immunoassay (Roche Diagnostics, Penzberg, Germany) 22 as described. 8 
Statistical Analysis
Percentage changes were calculated by subtracting values at BL from values at week 69 and dividing it by the BL value. For oAβ, only patients with BL values above the LLoQ were included in the analysis. The proportion of patients with concentrations at week 69 falling below the LLoQ are also reported; for these patients, changes are calculated using the LLoQ but are therefore potentially underestimated. Given the larger proportion of samples below the LLoQs in the treated arms, our reported means and medians are therefore a conservative estimate of the oAβ-lowering effect of crenezumab. To test for significant differences between the treatment arms, changes were classified into either positive or negative direction, which does not depend on the exact quantification of the change and allows for the inclusion of post-BL LLoQs. Fisher exact test was used on these proportions. Analyses were conducted using the R statistical programming environment version 3.5.0 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Crenezumab Treatment Consistently Decreases CSF Aβ Oligomer Levels CSF specimens collected at BL and week 69 were available from 104 trial subjects. Of these, 98 had BL oAβ values above the LLoQ (see Patients and Methods) of the oligomer assay (see Fig 1B) . Among these 98 patients with measurable BL oAβ levels, 70 received crenezumab and 28 received placebo. Because the treatment protocols used in the BLAZE and ABBY studies were identical and samples were collected and archived in the same manner, we pooled data from each arm of the 2 trials. We found that 89% of the SC and 86% of the IV patients treated with crenezumab had lower levels of oAβ at week 69 than at BL (Fig 2) . The median percentage change was −48% in the SC arm and −43% in the IV arm. Accordingly, in the crenezumab-treated arms, a higher proportion of samples had values that had fallen below the LLoQ by week 69 (20% of IV and 14% of SC) than in placebo (0%); therefore, our reported means and medians represent a conservative estimate of the oAβ-lowering effect of crenezumab. No systematic change occurred in the placebo group, with a median change of −13% and equivalent portions with negative and positive change (see Fig 2) . The difference in the proportion of subjects with decreasing levels was significant for both treatment arms (p = 0.0035 for SC and p = 0.01 for IV crenezumab vs placebo). This treatment difference was not a consequence of crenezumab in the CSF interfering with the oAβ assay, as spiking crenezumab into multiple control human CSF samples did not alter the levels of endogenous oAβ (Fig 4B) , nor did crenezumab alter the detection of the aggregated synthetic Aβ standard (ADDLs; see Fig 4A) .
For the IV cohort of the BLAZE study, 16 received crenezumab and 8 received placebo (Fig 5A) . Of the 16 patients receiving crenezumab, all had lower oAβ levels at week 69, whereas only 2 of the 8 placebo subjects had August 2019 219 lower oAβ at week 69. A similar trend occurred in the BLAZE SC cohort; 17 of 20 crenezumab-treated subjects had reduced oAβ levels, whereas only 5 of the 9 receiving placebo had lower oAβ levels at week 69. The IV and SC arms of the ABBY trial yielded results comparable to those of the BLAZE trial. Specifically, in the ABBY IV cohort 14 of 19 subjects treated with crenezumab had lower levels of oAβ, and 3 of 5 placebo subjects did. In the ABBY SC cohort, 14 of 15 crenezumab-treated subjects had lower oAβ at week 69, as did 5 of 6 placebo subjects, although in the latter, the degree of reduction was generally modest.
Crenezumab Treatment Increases CSF Aβ Monomer Levels
We also quantified CSF Aβ42 monomers using the Elecsys assay system. 22 Aβ42 levels increased from BL to week 69 in 73% of patients treated with crenezumab SC and 69% of patients treated with crenezumab IV, whereas only 25% of patients on placebo showed an increase (SC vs placebo p < 0.0001; IV vs placebo p = 0.0003; Fig 3) . The median percentage change between BL and week 69 on crenezumab was 8% in both the SC and IV groups. The opposite direction of change occurred in the placebo group, with a median change of −9%. These results are in striking contrast to the effect of crenezumab treatment on oligomers (see Fig 2) ; on average, crenezumab significantly decreased oAβ levels but significantly increased Aβ42 monomer levels. These opposing directional changes in the levels of monomers and oligomers suggest the possibility that crenezumab may induce some disaggregation of existing Aβ oligomers and/or may decrease the de novo generation of Aβ oligomers. However, there was no statistically significant correlation between the decrease in oligomers and increase in monomers among the crenezumab-treated subjects (Fig 6) . That crenezumab increased Aβ monomers but decreased Aβ oligomer levels further validates the oligomer specificity of our 1C22-3D6 Erenna assay for oAβ.
Discussion
Converging lines of evidence suggest that soluble, diffusible Aβ oligomers are a key pathogenic factor in AD and that reducing cerebral oAβ levels could have disease-modifying benefit in patients with early stage disease. 1,2 However, measurement of Aβ oligomers is challenging due to their hydrophobicity and very low levels in CSF, in contrast to the abundant monomers that are readily quantifiable. 4, 23 To our knowledge, the current work provides the first report that any anti-Aβ therapy can reduce CSF oAβ levels in humans. We applied a highly sensitive and specific immunoassay that we developed to measure oAβ in the CSF of patients who had received crenezumab in rigorously controlled clinical trials. Our oAβ assay is robust and yields reproducible results when the same samples are analyzed on different days. Moreover, spiking CSF with crenezumab did not interfere with the detection of endogenous oAβ. The observed reduction is therefore due to increased clearance of oAβ and/or inhibition of de novo oligomer formation. The latter possibility is consistent with the finding August 2019 221 that in most cases studied, crenezumab treatment was associated with increased Aβ42 monomer levels. Levels of crenezumab in CSF at trough revealed broad overlap between the low-dose (SC) and high-dose (IV) subjects, 7, 8 and this might explain why the decreases in oAβ and increases in Aβ42 levels were of roughly similar magnitude in both routes of administration, at least as regards this cohort of available CSF. The current study used a representative subgroup of the ABBY and BLAZE cohorts and had insufficient participants to determine whether reduction of oAβ is related to attenuation of cognitive decline. In a post hoc subgroup analysis of the full ABBY and BLAZE cohorts, one had seen a potential benefit of less cognitive decline in crenezumab-treated mild (MMSE = 22-26 at entry) AD patients in the high-dose IV treatment group, 7, 8 but our study could obtain CSF from only 14 of these 70 mild subjects, and 13 of these 14 had oAb levels greater than the LLoQ of the assay. Due to the small sample size of only 13, this cohort did not provide sufficient power to reveal whether there was a greater decrease in this subgroup compared to placebo. It should be noted that 2 phase 3 clinical trials of crenezumab in early AD patients were recently halted after a futility analysis (https://www.roche.com/media/releases/med-cor-2019-01-30.htm). Although we document here a significant lowering of Aβ oligomer levels in the large majority of available CSF from the phase 2 trials, this has not yet been associated with an observed clinical benefit. There could be several reasons for the lack of clinical efficacy in the trials to date, including that amyloid-lowering agents need to be administered presymptomatically to exert a significant benefit. Recent evidence suggests that only a fraction of Aβ oligomers in AD brain tissue are neurotoxic 21, 24 and that these toxic oAβ species are not equally targeted by different anti-oAβ monoclonal antibodies. 15 The consistent and significant decreases in rigorously measured oAβ we describe here indicate that crenezumab at doses of up to 15mg/kg IV is engaging in vivo with its planned target, cerebral oAβ; ongoing studies of crenezumab, testing a 4-fold higher dose (60mg/kg IV) in presymptomatic familial AD subjects, could determine whether the degree of decrease in oAβ corresponds to the attenuation of cognitive decline. Similarly, it will be important to further assess how CSF oAβ levels change over the course of the disease, and whether the sensitive measurement of oAβ as performed here could aid in the diagnosis of early stage AD. Future studies with more frequent CSF sampling will be necessary to address these issues. Finally, in light of the apparent partial clinical benefits seen in some Aβ antibody trials, 7, 8, 25, 26 the current findings recommend the use of high-sensitivity oligomerselective immunoassays in other clinical trials of anti-Aβ agents, several of which are underway or being planned.
